Abstract Purpose: Cholangiocarcinoma is a fatal tumor with limited therapeutic options.We have reported that calmodulin antagonists tamoxifen and trifluoperazine induced apoptosis in cholangiocarcinoma cells. Here, we determined the effects of tamoxifen on tumorigenesis and the molecular mechanisms of tamoxifen-induced apoptosis. Experimental Design: Nude mice xenograft model of cholangiocarcinoma was used and tamoxifen was given i.p. and intratumorally. Cholangiocarcinoma cells were used to characterize molecular mechanisms of tamoxifen-induced apoptosis in vitro. Results: I.p. or intratumoral injection of tamoxifen decreased cholangiocarcinoma tumorigenesis by 40% to 80% in nude mice. In cells isolated from tumor xenografts, tamoxifen inhibited phosphorylation of AKT (pAKT) and cellular FLICE like inhibitory protein (c-FLIP). Immunohistochemical analysis further showed that pAKT was identified in all nontreated tumors but was absent in tamoxifen-treated tumors. In vitro, tamoxifen activated caspase-8 and caspase-10, and their respective inhibitors partially blocked tamoxifen-induced apoptosis. Overexpression of c-FLIP inhibited tamoxifen-induced apoptosis and enhanced tumorigenesis of cholangiocarcinoma cells in nude mice, whereas deletion of the calmodulin-binding domain on c-FLIP restored the sensitivity to tamoxifen and inhibited tumorigenesis. With two additional cholangiocarcinoma cell lines, we confirmed that the expression of FLIP is an important factor in mediating spontaneous and tamoxifen-induced apoptosis. Conclusions: Thus, tamoxifen inhibits cholangiocarcinoma tumorigenesis in nude mice. Tamoxifen-induced apoptosis is partially dependent on caspases, inhibition of pAKT, and FLIP expression. Further, calmodulin-FLIP binding seems to be important in FLIP-mediated resistance to tamoxifen. Therefore, the present studies support the concept that tamoxifen may be used as a therapy for cholangiocarcinoma and possibly other malignancies in which the calmodulin targets AKTand c-FLIP play important roles in the tumor pathogenesis.
Cholangiocarcinoma is a highly malignant neoplasm originating from cholangiocytes of the intrahepatic and/or extrahepatic biliary system. Extensive surgical resection is the only effective therapy available for long-term survival as conventional chemotherapy and radiotherapy are generally ineffective. The overall survival following diagnosis of unresectable cholangiocarcinoma is <12 months (1) and the 5-year survival for the patients undergoing surgical resection ranges from 0% to 40% (2) . Over the last few years, there has been a marked increase in the incidence and mortality from cholangiocarcinoma, warranting an increasing need for effective strategies to prevent and treat this lethal tumor (3) . In search of an efficient chemotherapy for cholangiocarcinoma, we identified that tamoxifen, a potent calmodulin antagonist (4, 5) , induces apoptosis in cholangiocarcinoma cells in vitro and inhibits tumorigenesis in vivo in nude mice xenografts (6) . We showed that the apoptosis-inducing abilities of tamoxifen in cholangiocarcinoma cells seem to be associated with its role as a calmodulin antagonist (7) . In the present studies, we further determined the molecular mechanisms responsible for tamoxifen-induced apoptosis in cholangiocarcinoma and its therapeutic potential in nude mice xenografts.
Tamoxifen was first identified as an antifertility drug in the early 1960s. It was approved in the United Kingdom, for the first time, as an anticancer agent (8) . Today, it is one of the most widely used anticancer drugs worldwide, is relatively cheap, and is reported to have few side effects (9, 10) . Over the last two decades, substantial effort has been focused on characterizing the molecular mechanisms behind the effects of tamoxifen, including tamoxifen-induced apoptosis. Various pathways such as protein kinase C, TGF-h, AKT, MAPK, c-myc, and calmodulin have been implicated in tamoxifen-induced effects on human cancer cell lines (11) . Further, it is now clear that tamoxifen can activate genomic (estrogen receptormediated) as well as nongenomic (estrogen receptor -independent) pathways in dose-dependent and cell type -specific manners (4, 11, 12) . Our laboratory has been focusing on the calmodulin-dependent aspect of tamoxifen biology in a cholangiocarcinoma tumor model using a human cholangiocarcinoma cell line that lacks estrogen receptors (7) . We have reported previously that calmodulin antagonists, tamoxifen and trifluoperazine, induced apoptosis in cholangiocarcinoma cells in a Fas-related manner (7, 13) . In this report, we further characterized the modulation of calmodulin signaling by tamoxifen in both cholangiocarcinoma cells in vitro and a mouse xenograft model in vivo.
Calmodulin is an important Ca 2+ -binding protein that has been well conserved through evolution and mediates various signaling pathways induced by Ca 2+ (14, 15) . Calmodulin interacts with a variety of proteins in Ca 2+ -dependent and Ca 2+ -independent manners (16) . With increases in local Ca 2+ concentration, it undergoes a conformational change and interacts with its target proteins such as calmodulin-dependent kinase II, calcineurin, and nitric oxide synthase to mediate various downstream Ca 2+ signaling events (17, 18 ). An increase in Ca 2+ is shown to be important in cellular proliferation as well as apoptosis, and calmodulin is believed to be important in mediating these signaling events (14, 19) . Among the wide variety of proteins interacting with calmodulin, we identified that two prosurvival molecules, AKT and cellular FLICE like inhibitory protein (c-FLIP), are regulated by tamoxifen in cholangiocarcinoma culture and tumor xenografts.
c-FLIP is largely described as an antiapoptotic protein that interferes with activation of initiator caspases, thus inhibiting the downstream apoptotic signaling (20, 21) . It is overexpressed in various cancer cell lines and is associated with resistance to chemotherapeutic agents (22 -24) . Recently, we identified a direct Ca 2+ -dependent interaction between calmodulin and FLIP that is regulated by changes in intracellular Ca 2+ levels (25) . AKT, also called protein kinase B, is another important prosurvival molecule that has been shown to interact with calmodulin, possibly facilitating its translocation to the plasma membrane (26) . Classically, AKT signaling is initiated by binding of a growth factor to a receptor tyrosine kinase, leading to activation of phosphatidylinositol 3-kinase (27) (28) (29) . Activated phosphatidylinositol 3-kinase leads to the generation of phosphatidylinositol 3,4,5-triphosphate (PIP 3 ), which then interacts with AKT and anchors the AKT kinase to the plasma membrane where it undergoes phosphorylation and activation by various kinases (30, 31) . Thus, translocation of AKT to the plasma membrane is an important step in its activation. Calmodulin was shown to compete with PIP 3 for binding with AKT in a Ca
2+
-dependent manner such that elevations in Ca 2+ concentrations disrupted the interaction between AKT and phosphoinositides (26) .
In the investigations presented here using cholangiocarcinoma as a model, we showed that tamoxifen, as a potent calmodulin antagonist, inhibits phosphorylation of AKT and the expression of c-FLIP. Furthermore, tamoxifen is effective in decreasing tumor size in a mouse xenograft model probably by modulating calmodulin/FLIP signaling pathways.
Materials and Methods
Cell culture, antibodies, and reagents. The cholangiocarcinoma cell line Sk-ChA-1 was kindly provided by Dr. A. Knuth (Ludwig Institute for Cancer Research, London, United Kingdom). Stable cholangiocarcinoma clones overexpressing wild-type and mutant FLIP with deletion of the calmodulin-binding domain (DFLIP) were generated using lentiviral FLIP L expression vector as described previously (25) . DFLIP protein was generated by deleting the calmodulin-binding region (amino acids 197-213) from FLIP L as described previously (25) . Cells were grown in RPMI 1640 (Invitrogen) supplemented with penicillin (5 units/mL), streptomycin (5 Ag/mL), and 10% heat-inactivated fetal bovine serum. Cholangiocarcinoma cell lines MZ-ChA-1 and HuCCT-1 were kindly provided by Dr. Gregory J. Gores (Mayo Clinic, Rochester, MN) and maintained as previously described (32, 33) .
Antibodies include anti-FLIP, NF6 (Alexis Corp.), anti -caspase-8, anti -caspase-10, anti -caspase-3, anti -caspase-9, anti-AKT, antiphospho-AKT (Cell Signaling), and anti -glyceraldehyde-3-phosphate dehydrogenase (Research Diag., Inc.). The monoclonal antibody to calmodulin was developed as described previously (34) . Antivascular endothelial growth factor (VEGF)-A and VEGF-C antibodies, as well as horseradish peroxidase -conjugated goat anti-mouse and bovine anti-rabbit IgG antibodies were purchased from Santa Cruz Biotechnology, Inc.
Mouse xenograft model. The animal protocol was approved by the Institutional Animal Care and Use Committee at the University of Alabama at Birmingham, Birmingham, AL. Eight-week-old athymic (nu/nu) BALB/c mice (both male and female, Charles River Laboratories) were used for tumor inoculation. Briefly, cholangiocarcinoma cells (5 Â 10 6 in 200 AL PBS per site) were inoculated s.c. into the flanks of mice. Tamoxifen was purchased from Calbiochem. After 1 wk, mice were randomly assigned into two groups. Tumors in one group were treated with tamoxifen (15 Amol/L in 100 AL volume per tumor site) injections intratumorally and tumors in the other group were injected with PBS as control. For i.p. injections, 0.1 mg tamoxifen in 0.1 mL oil was given i.p. for 3 consecutive days followed by 1 d of rest for 2 wk. Tumors were measured every 3 to 4 d and volumes were determined using the formula volume = length Â width 2 /2. Culture of xenograft tumor-derived cells. Tumors were removed from mice aseptically, minced into pieces, and placed in growth medium containing collagenase I for 30 min at 37jC followed by mashing through a cell strainer (100 Amol/L, BD Pharmingen). The cell suspension was washed twice with PBS and cultured in RPMI 1640.
Immunohistochemical analysis. Tumors were placed in buffered formalin and embedded in paraffin. Slides were deparaffinized,
Translational Relevance
The work presented here explores the potential use of tamoxifen as a therapy for cholangiocarcinoma, a fatal disease with very limited therapeutic options. Using a cholangiocarcinoma xenograft model in nude mice, we show that i.p. as well as intratumoral injections of tamoxifen significantly decrease cholangiocarcinoma tumorigenesis in a nude mice model. Tamoxifen is a widely used, well-tolerated, and low-cost drug. The studies presented here highlight the molecular mechanisms involved in tamoxifen-induced apoptosis in vitro and confirm the therapeutic effect of tamoxifen in a xenograft model. Thus, these studies set the stage for a possible clinical trial of this drug in cholangiocarcinoma patients. rehydrated, and heated in 10 Amol/L citrate buffer (pH 6.0) for 40 min using a steamer. The slides were blocked with 10% normal rabbit serum for 30 min, washed with PBS, and incubated with anti -phosporylated-AKT-1 antibody (Santa Cruz Biotechnology) for 1 h at room temperature. Biotinylated anti-rabbit IgG was applied for 30 min followed by 30 min of incubation with a polymer (Envision plus, DAKO). Slides used as negative controls did not receive the incubation with primary antibodies. After rinsing, slides were treated with diaminobenzidine chromogen solution and counterstained with routine H&E. Brown staining in >10% of the cells was considered a positive stain.
Assessment of apoptosis. Annexin V -FITC and propidium iodide staining was done using an apoptosis detection kit (BD Biosciences) and analyzed by flow cytometry. For studies involving caspase inhibitors, cells were pretreated with caspase inhibitor for 2 h before addition of tamoxifen. The percentage of cells that were Annexin V positive and propidium iodide negative were considered to be apoptotic cells.
Western blot analysis. Protein extracts were isolated from cells using lysis buffer containing 100 mmol/L Tris-HCl (pH 8.0), 150 mmol/ L NaCl, 1% SDS, 10% glycerol, 1% Triton X, 5 mmol/L EDTA, 1 mmol/L phenylmethylsulfonyl fluoride, 10 mmol/L sodium fluoride, 1 mmol/L sodium orthovanadate, 1 mmol/L h-glycerophosphate, and protease inhibitor cocktail tablets (Roche). Concentrations of protein were determined with the bicinchoninic acid kit (Sigma). Proteins were separated by SDS-PAGE and transferred to nitrocellulose membrane as described previously (35) . For calmodulin, the membranes were fixed in 0.2% glutaraldehyde in TBS for 30 min before the blocking step. Membranes were incubated with primary antibodies overnight at 4jC. Horseradish peroxidase -conjugated secondary antibodies in the blocking buffer were incubated for 2 h at room temperature. Signals were detected using Immobilon Western chemiluminescent horseradish peroxidase substrate (Millipore) detection kit.
Thiazolyl blue tetrazolium bromide assay. Proliferation of cholangiocarcinoma cells in culture was analyzed using thiazolyl blue tetrazolium bromide reagent (Sigma-Aldrich) for a 4-d period. Briefly, 10,000 cells were seeded in 200 AL of complete RPMI 1640 per well in a 96-well plate. Thiazolyl blue tetrazolium bromide was added on days 0 (after allowing the attachment of cells overnight), 2, and 4 to the final concentration of 0.5 mg/mL and incubated at 37jC for 2 h. The medium was removed and the crystals were dissolved in DMSO followed by measuring the absorbance at 570 nm.
Statistical analysis. Results are expressed as means F SE. Differences between two groups were identified with Student's t tests. Significance was defined as P < 0.05.
Results
Tamoxifen inhibited tumorigenesis of cholangiocarcinoma cells and phosphorylation of AKT in nude mice xenografts. We have reported that calmodulin antagonists tamoxifen and trifluoperazine induce apoptosis in human cholangiocarcinoma cells in vitro in a Fas-related manner and probably through calmodulin-dependent pathways (7) . To test its efficacy in vivo, we injected tamoxifen i.p. (0.1 mg/mouse) in nude mice bearing cholangiocarcinoma xenografts and found that it reduced tumor size by 82% after 2 weeks as shown in Fig. 1A [tumor volume (mm 3 ), control = 208 F 27, tamoxifen = 37 F 5, n = 6, P < 0.0005]. Similar studies with i.p. tamoxifen injections over 6 weeks consistently showed that the cholangiocarcinoma xenografts were significantly reduced in size with tamoxifen treatment (6) . In addition, the effects of tamoxifen (daily intratumoral injection, 100 AL of 15 Amol/L stock) on the tumor progression were monitored for 27 days. The tumor volumes were measured every 3 to 4 days and mice were sacrificed after 4 weeks of treatment. As shown in Fig. 1B , tamoxifen inhibited tumor growth, resulting in a significant decrease in tumor size compared with control group injected with 
, n = 10, P = 0.009). The inset in Fig. 1B shows a representative photograph of the cholangiocarcinoma xenograft growth with PBS (control) and tamoxifen treatment after 4 weeks. Thus, both i.p. as well as intratumoral injections of tamoxifen were found to be effective in reducing cholangiocarcinoma xenografts growth in nude mice model.
We have previously showed that AKT signaling plays an important role in cholangiocarcinoma pathogenesis (35) . Therefore, we characterized the effects of tamoxifen on phosphorylation of AKT in xenografts that were treated with tamoxifen or PBS. As shown in Fig. 1C, a and (35) . Consistently, immunohistochemical analysis of mice xenografts showed that pAKT, seen predominantly in the cytoplasm as brown stain, was detected in PBS-treated tumors (Fig. 1C, c) but not in tamoxifen-treated tumors (Fig. 1C, d ). Further, 27 F 11% cells were found to stain positive for pAKT in PBS-treated group whereas tamoxifen-treated tumors did not show any staining for pAKT (n = 7). Thus, tamoxifen inhibited phosphorylation of AKT in cholangiocarcinoma xenografts in nude mice.
Tamoxifen inhibited phosphorylation of AKT and FLIP expression in tumor cells from mouse cholangiocarcinoma xenografts. To further characterize the effects of tamoxifen on cholangiocarcinoma, cells were isolated from cholangiocarcinoma xenografts. As expected, tamoxifen induced apoptosis in tumor cells from mouse xenografts (Fig. 2A) . Western blot analysis of lysates from these cells further confirmed that tamoxifen inhibited phosphorylation of AKT and expression of FLIP in these cells but the expression of calmodulin and Fas was unaffected by tamoxifen as shown in Fig. 2B . Thus, inhibition of pAKT was observed in vitro as well as in vivo in cholangiocarcinoma xenografts in nude mice.
Tamoxifen-mediated apoptosis involves activation of caspase-10, caspase-8, caspase-9, and caspase-3 and inhibition of FLIP expression in cholangiocarcinoma cells. We determined the involvement of caspases, including caspase-10, caspase-8, caspase-3, and caspase-9, in tamoxifen-induced apoptosis. As seen in Fig. 3A , tamoxifen induced a 3.9-fold increase in apoptosis in vitro in cholangiocarcinoma cells compared with control. It activated caspase-10 and caspase-8, both of which are initiator caspases as seen in Fig. 3B . Further, consistent with our previous reports, tamoxifen also activated caspase-9 and caspase-3 (13) . By contrast, an antiapoptotic protein, c-FLIP, was down-regulated by tamoxifen. We also characterized the effect of tamoxifen in two additional cholangiocarcinoma cell lines, MZ-ChA-1 and HuCCT-1 (32, 33) . We found that >24% of HuCCT-1 underwent spontaneous apoptosis, compared with 7.7% of MZ-ChA-1, after 24 hours of incubation. However, tamoxifen induced the apoptosis of the MZ-ChA-1 cell by 3-fold, but did not affect the apoptosis of HuCCT-1 cells (Fig. 3C) . We further determined the expression and activation of FLIP, AKT, and caspases in MZ-ChA-1 and HuCCT-1 cells (Fig. 3D) . The expression of pAKT is higher in the MZ-ChA-1 cells compared with that in HuCCT-1 cells under basal conditions (Fig. 3D) (Fig. 3D) . Activation of caspase-8, caspase-9, and caspase-10 was induced by tamoxifen in MZ-ChA-1 cells, but not HuCCT-1 cells. In HuCCT-1 cells, partial activation of the caspases was shown in the control cells, which is consistent with the high levels of basal apoptosis in these cells. Taken together, our observations showed that the expression of pAKT and FLIP regulates cholangiocarcinoma cell survival and tamoxifen executes its apoptotic effect on cholangiocarcinoma cells through the calmodulin/FLIP axis and activation of caspases.
Caspase inhibitors partially blocked tamoxifen-induced apoptosis. To determine the requirement of caspase-8 and caspase-10 in tamoxifen-induced apoptosis, cholangiocarcinoma cells were pretreated with the respective caspase inhibitors for 2 hours followed by tamoxifen treatment for 24 hours. As shown in Fig. 4A and C, tamoxifen-induced apoptosis was partially blocked by both caspase-8 (43 F 2%) and caspase-10 (36 F 5%) inhibitors. Further, caspase-3 activation was blocked by both of these inhibitors, suggesting that both caspase-8 as well as caspase-10 are required for tamoxifen-induced caspase-3 activation in cholangiocarcinoma cells. Western blot analysis, shown in the right of Fig. 4B and D, shows that caspase-8 and caspase-10 inhibitors effectively blocked tamoxifen-induced activation of the respective caspases. Further, we confirmed that the pancaspase inhibitor, zVAD, also caused partial inhibition of tamoxifen-induced apoptosis as shown previously (13), suggesting that tamoxifen-induced apoptosis is only partially caspase dependent. However, the caspase inhibitors may not be entirely specific and the specificity can be diminished with increased concentrations and prolonged incubation times (36, 37) . Nevertheless, it can be concluded from these studies using caspase inhibitors that tamoxifen induces apoptosis in caspase-dependent and caspase-independent manners.
Role of FLIP and calmodulin/FLIP binding in cholangiocarcinoma tumorigenesis and tamoxifen-induced apoptosis. Increased expression of FLIP has been identified in numerous cancer cell lines and associated with resistant phenotypes of various cancers, including cholangiocarcinoma (38 -41) . We found that tamoxifen inhibited activation of AKT as well as FLIP expression (Figs. 2 and 3) . AKT is a calmodulin-binding protein (25) . Recently, we reported that calmodulin interacts directly in a Ca 2+ -dependent manner with c-FLIP L (25, 26 Amol/L tamoxifen for 24 h followed by staining with Annexin V/propidium iodide to assess apoptotic cell death. Columns, mean (n = 3); bars, SE. B, the cells were treated with the calmodulin antagonist W-7 (50 Amol/L) for 24 h followed by assessment of apoptotic cell death. Columns, mean (n = 4); bars, SE. C, the cells were seeded in a 96-well plate and analyzed for cell accumulation using thiazolyl blue tetrazolium bromide reagent, added on days 0, 2, and 4. Results are from three independent experiments done in quadruplet. D, 2 Â 10 6 LacZ,WT FLIP, and DFLIP cells were injected in the flanks of 6-to 7-week-old nude mice and the tumor growth was followed over 18 d. The tumor volumes were calculated as described in Materials and Methods. Columns, mean (n = 6, *P < 0.05 compared with control in each group); bars, SE. as described previously (25) and the effects of tamoxifen on apoptosis of these cells were determined by Annexin/ propidium iodide staining. As shown in Fig. 5A , FLIP overexpression decreased the sensitivity of cholangiocarcinoma cells to tamoxifen, which was restored by deletion of calmodulin-binding domain from overexpressed FLIP L . The effects of WT and DFLIP overexpression on tamoxifeninduced apoptosis were confirmed by using another known calmodulin antagonist, W-7. Thus, WT FLIP overexpression decreased W-7 -induced apoptosis, which was restored after deletion of the calmodulin-binding region from FLIP L . These results confirm that tamoxifen-induced apoptosis involves modulation of calmodulin signaling in cholangiocarcinoma (Fig. 5B) . Further, as shown in Fig. 5C , disruption of calmodulin-FLIP binding also resulted in decreased cell proliferation compared with WT FLIP-expressing cholangiocarcinoma cells in which calmodulin-FLIP binding is intact. Thus, overexpression of FLIP L seems to be an important regulator of tamoxifen-induced apoptosis and calmodulin binding to FLIP L is critical for mediating the antiapoptotic/ prosurvival effects of FLIP.
Tumorigenesis of WT-and DFLIP-overexpressing cholangiocarcinoma cells was characterized in a nude mice xenograft model. Cholangiocarcinoma cells expressing LacZ, WT FLIP, and DFLIP were injected in the flanks of 6-to 7-week-old athymic nude mice. The tumor volumes were measured every 3 to 4 days for 18 days. As shown in Fig. 5D , at day 7, no significant differences were observed in tumorigenesis of LacZ, WT, and DFLIP cells. WT FLIP cells formed significantly bigger tumors than control LacZ and DFLIP cells, whereas DFLIP cells formed the smallest tumors at day 18 (tumor volumes in mm 
Discussion
Tamoxifen is an extensively tested and widely used drug worldwide. It is inexpensive and has a low-side-effect profile, thus providing a very attractive therapeutic option (9, 10) . Cholangiocarcinoma, a highly lethal tumor arising from biliary epithelium, has a poor 5-year survival rate and no effective therapy (1, 2) . With increasing incidence of this disease, it is imperative that novel strategies are identified to prevent and treat this deadly disease. Our group previously showed that tamoxifen induces apoptosis in cholangiocarcinoma cells, both in vitro and in vivo in a mouse xenograft model (6, 7, 13) . Further, we showed that other calmodulin antagonists, W-7 and trifluoperazine, also induced apoptosis in human cholangiocarcinoma cells (7) . In addition, the apoptosis-inducing abilities of calmodulin antagonists were found to correlate with the sensitivity of cholangiocarcinoma cells to Fas-mediated apoptosis. Cross-talk between Fas and calmodulin pathways was further substantiated by our identification of a direct binding between calmodulin and Fas receptor (42) .
The apoptosis-inducing ability of tamoxifen in human cholangiocarcinoma cell lines seem to be estrogen receptor independent, as these cells lack estrogen receptors (7) . In addition, we found that tamoxifen did not affect the expression of VEGF-A or VEGF-C in all three cholangiocarcinoma cell lines tested (data not shown), suggesting that tamoxifen may affect cholangiocarcinoma cell growth independent of modulating the angiogenic factors VEGF-A and VEGF-C, which have been well shown by Mancino et al. to regulate cholangiocarcinoma tumorigenesis in response to estrogen stimulation (43) . We proposed that tamoxifen induces apoptosis in cholangiocarcinoma cells by modulating calmodulin signaling. Calmodulin is an important Ca 2+ -binding protein that binds with a variety of proteins in response to increases in intracellular Ca 2+ and mediates a variety of signaling pathways ranging from proliferation, differentiation, and apoptosis (17, 18) . In neocortical cell cultures, Ca 2+ -calmodulin was shown to be important in mediating cell survival signals of the brain-derived neurotrophic factor by affecting the phosphatidylinositol 3-kinase -AKT pathway (44) . Mutants of calmodulin with disabled Ca 2+ -binding domains and calmodulin antagonists were shown to inhibit activation of AKT and significantly decreased long-term cell survival, suggesting a pivotal role for calmodulin in AKT-mediated cell survival. Furthermore, calmodulin has recently been shown to interact with AKT and the interaction is believed to modulate the membrane translocation of this kinase by interfering with the AKTphosphoinositide binding that is important for membrane translocation and subsequent phosphorylation of AKT (26) . Thus, calmodulin seems to modulate the AKT signaling pathway via its direct interaction with AKT. Consistently, in our studies, we have shown that the calmodulin antagonist tamoxifen inhibited the phosphorylation of AKT and resulted in increased apoptosis of cholangiocarcinoma cells. We also found that tamoxifen down-regulated the expression of an antiapoptotic molecule, c-FLIP, which we have recently shown to be a calmodulin-binding protein that regulates Fas-mediated apoptosis (25) . Inhibition of pAKT has also been associated with decreased expression of c-FLIP in various tumors but the mechanism is not clearly understood (35, 45) . It not known whether tamoxifen-mediated decreased expression of c-FLIP observed concurrently with inhibition of pAKT is regulated at the transcriptional level or at the protein level through proteosomal degradation. AKT and FLIP are both calmodulin-binding proteins; therefore, the apoptosis-inducing ability of tamoxifen is likely to be related to the modulation of calmodulin signaling pathways.
AKT is a prosurvival protein and it is up-regulated in several tumors (46, 47) . We recently showed that AKT is activated in cholangiocarcinoma cells that are resistant to Fas-induced apoptosis and inhibition of AKT using dominant-negative AKT enhances the sensitivity of these cells to Fas-mediated apoptosis (35) . Inhibition of pAKT has been linked to FLIP down-regulation in several cancer cell lines (35, 45) . In this report, we found that the expression of pAKT and FLIP is critical for the spontaneous apoptosis of cholangiocarcinoma cells under basal condition (Fig. 3D) . We also showed that FLIP expression is an important determinant of the response to tamoxifen, as FLIP-undetectable HuCCT-1 cells were not responsive to tamoxifen (Fig. 3C) and FLIP overexpression reduced the sensitivity of cholangiocarcinoma cells to tamoxifen (Fig. 5A) . Thus, for the first time, our studies provide evidence that FLIP expression could be an important determinant of the response to chemotherapy in cholangiocarcinoma. Because tamoxifen-mediated inhibition of AKT and FLIP is related to the calmodulin signaling, the next logical step would be separately modulating AKT, calmodulin, or FLIP and assessing responses to tamoxifen. Because AKT and calmodulin are involved in the regulation of a variety of signaling pathways and cell processes, we decided to target FLIP, specifically the calmodulin-FLIP binding, to assess its effect on tamoxifen-mediated apoptosis. The expression of WT FLIP in cholangiocarcinoma cells decreased their sensitivity to tamoxifen-induced apoptosis, but when calmodulin-FLIP binding was compromised by overexpressing a FLIP mutant that lacked calmodulin-binding region, the sensitivity to tamoxifen was restored (Fig. 5A) . These results were confirmed with another calmodulin antagonist, W-7 (Fig. 5B) , further supporting the involvement of calmodulin in FLIP-mediated resistance to calmodulin antagonist -induced apoptosis. Further, disrupted calmodulin-FLIP binding decreased cell survival and decreased tumorigenicity in nude mice compared with WT FLIP -overexpressing cells with intact calmodulin-FLIP binding (Fig. 5C and D) . Therefore, calmodulin-FLIP binding seems to be important in mediating prosurvival effects of c-FLIP and exerting resistance to tamoxifen in FLIP-overexpressing cholangiocarcinoma cells. Our data support the concept that tamoxifen alone, or coupled with a drug specifically targeting calmodulin-FLIP binding, could provide an effective combination therapy for lethal tumors in which FLIP expression is known to impair response to therapy.
With a variety of signaling pathways modulated by calmodulin and its recently described cross-talk with the Fas pathway, it seems to provide a potential therapeutic target for cholangiocarcinoma. Interestingly, calmodulin binding with both Fas and FLIP is Ca 2+ dependent but their calmodulin binding sites are structurally different. Although calmodulin binding with Fas is mediated via a classic 1-5-10 calmodulin-binding motif (42) , its binding with FLIP is mediated by a nonclassic motif (25) . Thus, there may be differences in affinity between calmodulin-Fas and calmodulin-FLIP binding in basal and activated states. Calmodulin binding with these proteins may confer structural stability and/or conformational changes required for downstream signaling events. It is likely that targeting each of these specific interactions could provide efficient ways to modulate apoptotic sensitivity of cancer cells and novel targets in therapy.
We propose a model for tamoxifen-induced apoptosis in cholangiocarcinoma cells operating through calmodulin. As shown in Fig. 6 , tamoxifen induces activation of caspase-8 and caspase-10, leading to activation of caspase-3 and at the same time it also inhibits prosurvival signals by inhibiting phosphorylation of AKT and down-regulating FLIP expression. Importantly, calmodulin has been shown to interact directly with Fas and thus the Fas-calmodulin interaction may compete with Fas-FADD interaction to interfere with the death-inducing signaling complex assembly. Further, calmodulin-FLIP binding adds another arm to this inhibitory effect of calmodulin on Fas-induced apoptosis by allowing increased FLIP recruitment into the death-inducing signaling complex that further interferes with caspase activation. Thus, tamoxifen, by virtue of its anticalmodulin properties, may be able to diminish the inhibitory effects of calmodulin on Fas-induced apoptosis and regulate the calmodulin signaling pathway via modulation of c-FLIP and AKT signaling to induce apoptosis and inhibit tumorigenesis in cholangiocarcinoma.
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